Drug transporters encoded by solute carrier (SLC) family are distributed in multiple organs including kidney, liver, placenta, brain, and intestine, where they mediate the absorption, distribution, and excretion of a diverse array of environmental toxins and clinically important drugs. Alterations in the expression and function of these transporters play important roles in intra-and inter-individual variability of the therapeutic efficacy and the toxicity of many drugs. Consequently, the activity of these transporters must be highly regulated to carry out their normal functions. While it is clear that the regulation of these transporters tightly depends on genetic mechanisms, many studies have demonstrated that these transporters are the target of various posttranslational modifications. This review article summarizes the recent advances in identifying the posttranslational modifications underlying the regulation of the drug transporters of SLC family. Such mechanisms are pivotal not only in physiological conditions, but also in diseases.
The SLC family of drug transporters plays critical roles in the handling of common drugs, environmental toxins, signaling molecules, and nutrients [9] [10] [11] [12] [13] . Because of their wide range of substrate recognition, co-administered drugs may compete for the same transporters, causing serious side effects through drug-drug interaction, and therefore affecting the pharmacokinetics and pharmacodynamics of the drug profile. In recognizing these facts, the International Transporter Consortium in conjunction with the US Food and Drug Administration (FDA) issued guidance/recommendations for the assessment of transporter-mediated drug-drug interactions during drug development [14, 15] . Among these transporters are the organic anion transporting polypeptide 1B1 and 1B3 (OATP1B1/OATP1B3, SLCO1B1/SLCO1B3), organic cation transporter 2 (OCT2, SLC22A2), and organic anion transporters 1 and 3 (OAT1/OAT3, SLC22A6/SLC22A8), and multidrug and toxin extrusion transporters (MATEs, SLC47A).
Alterations in the expression and function of SLC family of drug transporters have been observed with several disease states, which can have a significant impact on drug disposition and therefore affect drug efficacy and toxicity. For example, Na + taurocholate cotransporting polypeptide (NTCP), organic anion transporting polypeptide (OATP) 1B1, and OATP1B3 are the major transporters responsible for bile acids uptake on the sinusoidal membrane in liver [16] . In patients with progressive familial intrahepatic cholestasis, the protein level of NTCP and both the mRNA and protein levels of OATP1B1 and OATP1B3 were found to be reduced in their liver samples [17] . Similarly, in liver biopsies of patients with primary sclerosing cholangitis, a chronic cholestatic liver disease, the level of OATP1B1 mRNA was decreased nearly by half [18] . The decreased level of expression and function of rOat1/3 have been reported in rats with chronic renal failure [19, 20] and acute renal failure [21, 22] . In a rat model of bilateral ureteral obstruction (BUO), a disease that blocks urine to pass from the kidney to the bladder, the function and expression of renal rOat1/3 were also decreased [23] . OCT family and MATE family are two SLC transporter subfamilies that work in concert to play pivotal roles in the clinical profile of metformin for type II diabetic patients. Genetic polymorphisms of OCT1 [24] , OCT3 [25] and MATE1 [26] in the liver are associated with the altered uptake and pharmacological action of metformin, while the genetic variation of OCT2 [27] , MATE1 [28] and MATE2-K [29] in the kidney is directly related to variable metformin clearance and therapeutic response. Given the critical roles the drug transporters of SLC family play in determining the effects of therapeutics and toxic chemicals, understanding the molecular and cellular mechanisms underlying the regulation of these transporters is physiologically and clinically important.
Regulation of SLC family of drug transporters
The activity of drug transporters must be delicately controlled in order to carry out their normal activity. Like other proteins, drug transporters can be regulated at multiple levels from gene to protein, including transcriptional regulation, post-transcriptional regulation, translational regulation, and post-translational regulation. The regulations at the levels of transcription, post-transcription, and translation happen within hours to days, and are therefore called long-term or chronic regulation. Longterm regulation usually occurs when the body undergoes massive change, for example, during growth or the development of disease. In contrast, post-translational regulation happens within minutes to hours, and is therefore called short-term or acute regulation. Short-term regulation often takes place when the body has to deal with rapidly changing amounts of substrates in the case of variable intake of drugs, fluids, ions, meals, and metabolism processes.
Post-translational modification is a process where the amino acid side chains in a target protein are modified by conjugating new functional group(s) through reversible or irreversible biochemical reactions. The common modifications include glycosylation, phosphorylation, ubiquitination, sumoylation, sulfation, methylation, acetylation, nitrosylation, palmitoylation and hydroxylation [30] . Post-translational modification affects the folding, conformation, distribution, trafficking, stability, and activity of the proteins and therefore contributes significantly to the structural complexity and functional diversity of the proteins beyond the coding capacity of the genome. Over the last decade, our laboratory and other laboratories have discovered several mechanisms underlying the post-translational regulation of SLC family of drug transporters. In the following, we will focus on these discoveries that are pivotal not only in physiological conditions, but also in pathophysiological states.
Phosphorylation
Phosphorylation is defined as the reversible addition of a negatively charged phosphate group to a protein substrate, typically to a serine, threonine, or tyrosine residue. The presence of this heavily charged group is important for changing the hydrophobicity and electric charge of a protein region and, therefore, it can result in a change in the protein conformation, cellular localization, or interactions with other proteins. The phosphorylation state of a target protein is dynamically controlled by protein kinases and protein phosphatases, which act in an exact opposite fashion to remove phosphate, making phosphorylation a reversible process [31] .
The functional effects of phosphorylation were observed with many drug transporters. For example, treatment of the mouse organic anion transporter 1 (mOat1)-expressing cells with phosphatase inhibitor okadaic acid promotes serine/threonine phosphorylation of the transporter and inhibits mOat1-mediated transport of para-aminohippurate (PAH), a prototypical organic anion. Activation of protein kinase C (PKC) enhances the phosphorylation of the rat organic cation transporter 1 (rOct1), and substitutions of PKC-sites on rOct1 with alanine suppressed PKC-induced stimulation of rOct1 transport activity [32, 33] . Another member of the OCT family human organic cation transporter 2 (hOCT2) was subject to tyrosine kinase-induced increase in phosphorylation and transport activity. PKC activation or treatment with phosphatase inhibitor okadaic acid also results in an increased phosphorylation and a functional inhibition of organic anion-transporting polypeptides OATP2B1, OATP1B3, and rOatp1a1, which correlated with an accelerated internalization of these transporters from cell surface. The phosphorylation and transport activity of sodium taurocholate cotransporting polypeptide (rNtcp) was also influenced by protein kinase A (PKA), PKC, and hyperosmolarity. Similarly, interleukin-1β promoted degradation of apical sodium-dependent bile acid transporter rAsbt through JNKregulated phosphorylation. PKA-regulated phosphorylation of monocarboxylate transporter rMct1 and serum-and glucocorticoid-inducible kinase 1 (SGK1)-regulated phosphorylation of peptide transporter PEPT2 both exerted functional consequences on these transporters. The details on the functional regulation of these transporters by phosphorylation can be found in Table 1 .
Glycosylation
Glycosylation is a modification that involves the addition of oligosaccharides to secretory and membrane proteins. There are two main types of glycosylation, with sugar moiety added on to NH2 group of asparagine (N-linked) and on to the OH group of serine/threonine (O-linked) [34] [35] [36] . N-linked glycosylation initiates co-translationally at rough endoplasmic reticulum and further processes in the Golgi apparatus, while O-linked glycosylation occurs post-translationally in the Golgi apparatus [37, 38] . Glycosylation is one of the most common forms of posttranslational protein modification and rapidly emerges as a fundamental mechanism not only controlling the proper folding of nascent transporter proteins but also their subcellular localization, and function.
Studies from our laboratory showed that members of organic anion transporter (OAT) family are heavily glycosylated under normal condition. When all of the potential glycosylation sites localized in the large extracellular loop between transmembrane domains 1 and 2 of OAT 
Phosphorylation Organic anion transporter (OAT) mOat1
Treatment with phosphatase inhibitor okadaic acid promoted serine/threonine phosphorylation of mOat1 and inhibited mOat1 transport activity.
[66]
Organic cation transporter (OCT) rOct1
The substrate affinity of rOct1 was increased by PKC-dependent phosphorylation. Substitutions of single (Ser286, Ser292, Thr296, Ser328, and Thr550) or of all five PKC-sites on rOct1 with alanine suppressed PKC-induced stimulation of rOct1 transport activity. [32, 33] hOCT2 Tyrosine kinase inhibitors (TKIs) inhibited the Src family kinase Yes1, and consequently impaired hOCT2 tyrosine phosphorylation and function. Tyr241, Tyr362 and Tyr377 were three phosphorylation sites; with Tyr362 had the most dramatic effect.
[67]
Organic anion-transporting polypeptide (OATP)
rOatp1a1 Incubation with phosphatase inhibitors okadaic acid and calyculin A reduced transporter activity because of phosphorylation on Ser634 and Ser635. The constitutive phosphorylated form of rOatp1a1 showed increased internalization rate compared with the nonphosphorylatable form.
[ [68] [69] [70] OATP1B3 Treatment with PKC activator PMA decreased OATP1B3-induced substrate accumulation in human hepatocytes by direct phosphorylation of the transporter.
[71]
OATP2B1 PKC activation resulted in increased phosphorylation of OATP2B1 and a reduced transport activity, which was due to a clathrin-dependent internalization of the transporter, followed by lysosomal degradation.
[72]
Sodium taurocholate cotransporting polypeptide (NTCP) rNtcp The cyclic adenosine monophosphate (cAMP) stimulated rNtcp transport activity via dephosphorylation through inhibiting Ca 2+ /calmodulin-dependent protein phosphatase (PP2B) and reducing translocation of rNtcp to the plasma membrane. Mutation of Ser226 impaired rNtcp phosphorylation, reduced transport activity and prevented translocation of the mutant to the plasma membrane.
[ [73] [74] [75] Mutation of two phosphorylation sites (Thr225 and Ser226) surrounding the dileucine motif of rNtcp inhibited PKC-induced endocytosis.
[76]
Hyperosmolarity induced a retrieval of rNtcp from the basolateral membrane of rat liver, which is accompanied by an increased rNtcp serine phosphorylation.
[77]
Apical sodium-dependent bile acid transporter (ASBT) rAsbt rAsbt degradation was increased by Interleukin-1β (IL-1β) due to JNK-regulated phosphorylation on Ser335 and Thr339.
[54]
Monocarboxylate transporter
The cyclic adenosine monophosphate (cAMP) induced dephosphorylation and internalization of rMct1 from the plasma membrane into early endosomes, which also caused a reduction of V max .
[78]
Peptide transporter (PEPT) PEPT2 SGK1 enhanced PEPT2 function and surface expression through phosphorylation on Ser185. Disruption of this site abolished the kinase-mediated regulation on transporter.
[79]
Glycosylation Organic anion transporter (OAT) mOat1 hOAT1 hOAT4
Treatment with N-linked glycosylation inhibitor, tunicamycin, or mutagenesis of all glycosylation sites impaired the targeting of OATs to the plasma membrane and inhibited OAT transport activity.
[39, 40, 80] hOAT4 Expressing of hOAT4 in cells defective in processing of oligosaccharides from mannose-rich type to complex type decreased the affinity of hOAT4 for its substrates.
[40]
Organic cation transporter (OCT) rbOct2 N-glycosylation happened at Asn71, Asn96, and Asn112, and mutation of the latter two impaired transporter function and diminished the maximum transport rate V max . However, the two glycosylation sites functioned differently, with Asn96 important for transporter turnover number and Asn112 responsible for plasma membrane targeting.
[81]
OCTN2 OCTN2 was physiologically glycosylated at Asn57, Asn64, and Asn91, and mutation of the glycosylation sites lead to a reduced expression level, an impaired transport function and a decreased maximum transport activity. Tunicamycin blocked OCTN2 glycosylation, but it didn't impair its maturation to the plasma membrane. A splice variant of OCTN2 (OCTN2VT) with the insertion of 24 amino acids in the first extracellular loop was identified in human kidney, which showed accumulation in the endoplasmic reticulum (ER) with poor N-glycosylation and no transport activity. In addition, mutations (P46S and R83L) in patients with systemic primary carnitine deficiency (CDSP) were found to be related with the impaired glycosylation and maturation of OCTN2 to the plasma membrane.
[ 82, 83] Organic anion-transporting polypeptide (OATP) rOatp1a1 Treatment with tunicamycin decreased rOatp1a1 molecular weight from 72 to 62 kDa and abolished transport activity. Lee et al. reported that mutations of four glycosylation sites (Asn62, Asn124, Asn135, and Asn492) revealed a cumulative negative effect on its function, leading to total loss of transport activity when all glycosylation sites were simultaneously removed, which was due to the reduced rOatp1a1 surface expression. However, according to Wang et al. 's report they agreed on three of the glycosylation sites, but argued that Asn62 may not be the glycosylation site, as it was proposed within a transmembrane segment. [84, 85] OATP1A2 OATP1B1
Mutation of glycosylation sites significantly reduced protein level on cell surface as well as loss of transport activity, which was due to the impaired targeting of OATP to the plasma membrane. Specifically, Asn135 was the glycosylation site on OATP1A2, while Asn134, Asn503 and Asn516 were the glycosylation sites of OATP1B1 and disruption of these glycosylation sites would affect the stability of OATP1B1.
[ 86, 87] Equilibrative nucleoside transporter (ENT) hENT1 Glycosylation happened at Asn48. Mutation of this site retained hENT1 function and its capacity for inhibitor (NBMPR; 6-[(4-nitrobenzyl)thio]-9-β-D-ribofuranosyl purine)-sensitive thymidine transport, but decreased the affinity of the mutant for the inhibitor NBMPR due to an increased rate of dissociation and a decreased rate of association. [88, 89] hENT2 Asn48 and Asn57 were two glycosylation sites, which was required for efficient targeting of hENT2 to the plasma membrane. However, mutation of the glycosylation sites had no effect on its transport affinity with substrate, but had a decreased maximum transport velocity V max .
[90]
Concentrative nucleoside cotransporter (CNT) rCnt1 Glycosylation happened at C terminus Asn605 and Asn643, but not at the predicted glycosylation site at N terminus, or between putative transmembrane domain 4 and 5.
[91]
hCNT3 Deglycosylation with endoglycosidase H (Endo H) and peptide N-glycosidase F (PNGase F) shifted the mobility of hCNT3 from 66 kDa to 58 kDa.
[92]
Peptide transporter (PEPT) Murine Pept1
Six asparagine residues (Asn50, Asn406, Asn439, Asn510, Asn515, and Asn532) were found to be the N-glycosylation sites with five of them locating in the large extracellular loop between [93] (continued on next page)
were simultaneously removed by mutagenesis approach, the transporter was then trapped in an intracellular compartment, suggesting that glycosylation is important for the targeting of the transporter to the plasma membrane [39, 40] . Pelis, et al. also demonstrated that N-glycosylation happened at another member of the SLC transporter subfamily OCT, specifically rabbit Oct2, at asparagine (Asn) 71, 96, and 112. Interestingly, these glycosylation sites played differential roles in Oct function: with Asn112 being responsible for plasma membrane targeting and with Asn96 being important for transporter turnover number. Glycosylation has been shown to play various functional roles in other drug transporters of SLC family including organic cation/carnitine transporter OCTN2, organic anion-transporting polypeptides rOatp1a1, OATP1A2, OATP1B1, equilibrative nucleoside transporters hENT1 and hENT2, concentrative nucleoside cotransporters rCnt1 and hCNT3, peptide transporter mPept1, and apical sodium-dependent bile acid transporter hASBT. Please refer to Table 1 for details.
Ubiquitination
Another type of post-translational modification named ubiquitination gets much attention recently as more and more evidence revealed its importance in controlling the trafficking of proteins at the plasma membrane. Modification of receptors and channels by ubiquitin conjugation, which can be recognized by the components of plasma membrane internalization and endosomal sorting machinery, has been demonstrated as the major regulatory mechanism of internalization, intracellular sorting, and turnover of many membrane proteins [41, 42] .
Ubiquitin is a small, globular protein of 76 amino acids that act as a basic unit in the process of ubiquitination and can be covalently conjugated to the lysine residues of the substrate proteins. Ubiquitination is mediated by the coordinated steps of three enzymes. First, the ubiquitin-activating enzyme E1 catalyzes the formation of a thioester bond between its active cysteine and glycine (Gly76) at the COOH transmembrane domain 9 and 10. Treatment with tunicamycin or mutation of these glycosylation sites did not alter membrane protein abundance but changed the transport kinetics, in which mutation at Asn50 is the most prominent with a twofold decreased affinity for glycyl-sarcosine (Gly-Sar) but a 2.5-fold increase in the maximal inward currents. Apical sodium-dependent bile acid transporter (ASBT) hASBT Inhibition of glycosylation by tunicamycin significantly decreased hASBT function and showed an unglycosylated hASBT band around 30 kDa. In addition, Treatment with Endo H or PNGase F glycosidases indicated that the upper 41 kDa band of hASBT represented a mature N-acetylglucosamine rich glycoprotein and the lower 35-kDa band to be a mannose-rich core glycoprotein. Glycosylation happened at Asn10 and mutation of this glycosylation site did not affect its targeting to plasma membrane. However, mature glycosylation significantly increased ASBT half-life on the plasma membrane.
[ 94, 95] Ubiquitination Organic anion transporter (OAT) rOat1 hOAT1 hOAT3
Treatment of OAT-expressing cells or rat kidney slides with protein kinase C activator, PMA, increased OAT ubiquitination, while PKC inhibitor staurosporin blocked OAT ubiquitination.
[ 51, 96] hOAT1 hOAT3 hOAT4
Overexpression of Nedd4-2 increased OAT ubiquitination and decreased OAT activity. siRNA knockdown of endogenous Nedd4-2 abolished PKC-stimulated hOAT1/hOAT3 ubiquitination, reversed PKC-induced decrease of OAT activity. Knockdown of endogenous Nedd4-2 also abolished sgk2-stimulated hOAT4 activity.
[ [96] [97] [98] hOAT1 LC-MS/MS detected Lys48-linked polyubiquitin peptides conjugated to OAT. Ubiquitin mutant Ub-K48R prevents the formation of polyubiquitin chains, abolishes PKC-stimulated hOAT1 ubiquitination, internalization and PKC-induced decrease in hOAT1 expression at the cell expression.
[51]
Mutagenesis of Lys297, Lys303 and Lys315 abolished PKC-stimulated hOAT1 ubiquitination.
[52] Overexpression of Nedd4-1 increased hOAT1 ubiquitination and decreased hOAT1 transport activity.
[97]
Organic anion-transporting polypeptide (OATP) rOatp1a1 Hepatocyte growth factor reversed the down-regulation of the rOatp1a1 protein level in cholestasis by suppressing the ubiquitination of the transporter.
[53]
Peptide transporter (PEPT) rbPept1, rbPept2
Nedd4-2 decreased transport activity of rabbit Pept1 and Pept2 in Xenopus laevis oocytes, whereas overexpression of USP18 stimulated their transport activities.
[57]
Apical sodium-dependent bile acid transporter (ASBT) rAsbt Interleukin-1β induced a down-regulation of rAsbt, which was accompanied by an increase in rAsbt ubiquitination and a reduction in rAsbt half-life.
mAsbt Ileal mAsbt protein levels were down-regulated by bile acids through ubiquitin-dependent lysosome or proteasome protein degradation.
[55]
hASBT Resveratrol (RSV), a major constituent of red wine, could inhibit hASBT protein expression and function without changing its affinity with its substrates. RSV treatment increased hASBT ubiquitination and the lysosome and proteasome inhibitor could reverse the inhibition effect by RSV.
[99]
Monocarboxylate transporter (MCT) rMct1 Activation of the canonical Wnt/β-catenin pathway in RBE4 cells via nuclear β-catenin signaling with LiCl increased the protein expression of monocarboxylic acid transporter rMct1, which resulted from a decreased rMct1 ubiquitination.
[56]
Disulfide bond Organic cation Transporter (OCT) rOct1 Replacement of the cysteine residues in the large extracellular loop of rOct1 by serine residues prevented oligomerization, which did not influence substrate affinities but impaired membrane targeting.
[58] hOCT2 hOCT2 formed oligomers both in vitro and in vivo through the Cys51 and Cys143 of the large extracellular loop, which was important for correct folding, oligomerization, and plasma membrane insertion of hOCT2.
[59]
S-nitrosylation taurocholate cotransporting polypeptide (NTCP) hNTCP rNtcp Nitric oxide (NO) could inhibit hNTCP function by decreasing its amount at the plasma membrane through S-nitrosylation of cysteine thiols on hNTCP, the effect of which did not change its affinity with substrates. The data obtained in vitro were confirmed in an experimental model of cholestasis, in which the administration of a-Tocopherol or NO donors reduced rNtcp expression and liver injury in bile duct obstructed rats. Another study also confirmed S-nitrosylated Cys 96 of rNtcp was responsible for NO-mediated inhibition of taurocholate uptake.
[ [60] [61] [62] Monocarboxylate transporter (MCT) hMCT S-nitroso-L-cysteine (L-CysNO) and D-CysNO, which are nitrosylating agent used to initiate intracellular S-nitrosylation, could inhibit cellular pyruvate uptake, which was linked to S-nitrosylation of thiol groups on hMCT.
[ 100] terminus of ubiquitin. Secondly, the activated ubiquitin is transferred to an ubiquitin-conjugating enzyme E2 forming the similar thioester bond. The last step is the most important step, in which an E3 ubiquitinprotein ligase binds to the substrate and forms an isopeptide bond between the Gly76 of ubiquitin and the ε-amine of lysine residue on the target substrate [43] . The modification of substrate proteins by single ubiquitin moiety is called monoubiquitination, whereas the modification of substrate proteins by multiple moieties of monoubiquitin on distinct lysine residues is known as multiple monoubiquitination. An ubiquitin molecule itself has seven lysine residues (Lys6, 11, 27, 29, 33, 48, and 63), all of which may conjugate through an isopeptide bond with the C-terminus of another ubiquitin to form a polyubiquitin chain. There are only a few E1 enzymes exist (1 in yeast and 10 in human) and a little bit more E2 conjugating enzymes (11 in yeast and at least 100 in human), but hundreds of E3 enzymes (54 in yeast and 1000 in human genome) [42, 44] . As E3 ligase is responsible for substrate recognition, such an abundance of E3 guarantees the specificity of target recognition in the ubiquitin-ligase system [45] . Ubiquitination, similarly to phosphorylation, is a reversible modification and, in mammals, approximately 100 deubiquitination enzymes (DUBs) function to depolymerize and remove ubiquitin adducts [46] . Recent evidence have shown that proteins that are ubiquitinated in the plasma membrane are internalized into early endosomes, where these proteins are then deubiquitinated by deubiquitinating enzymes and recycle back to the plasma membrane. Alternatively, these ubiquitinated proteins can also interact with the endosomal sorting complexes required for transport machinery and are sorted to late endosomes, and ultimately, to the lysosomes for degradation [47, 48] . Thus, the balance between ubiquitination (mediated by E3 ligases) and deubiquitination (mediated by DUBs) regulates the abundance of membrane proteins on plasma membrane. The investigation from our laboratory on organic anion transporters OAT in cultured cells demonstrated that OAT constitutively internalizes from and recycles back to cell surface. The rate of OAT internalization is equal to the rate of OAT recycling being~10% per 5 min [49] . PKC activation accelerates the rate of OAT internalization from cell surface to EEA1-positive early endosomes, without changes in the rate of OAT recycling. As a result, the amount of OAT at the cell surface is reduced and OAT transport activity is decreased [49, 50] . Prolonged PKC activation results in the degradation of OAT in both proteasome and lysosome [50] . A critical step preceding OAT internalization is the ubiquitination of the transporter. The mass spectroscopy analysis revealed that the ubiquitination of OAT occurs through the conjugation of a lysine 48-linked polyubiquitin chain to the transporter [51] . Three important ubiquitin-accepting lysine residues Lys297, Lys303, and Lys315 were identified within the large intracellular loop between transmembrane domains 6 and 7 of hOAT1 [52] . These lysine residues play a synergistic role in PKC-regulated hOAT1 ubiquitination, as mutating any one of the three lysines prevented the ubiquitin conjugation to the other two lysines [52] . Our unpublished results also indicated that lysine 48-linked polyubiquitin chain plays an important role in the long-term PKC regulation of hOAT1 stability.
Ubiquitination of other drug transporters has also been reported. Iwakiri et al. reported that the protein expression and function of organic anion-transporting polypeptide (rOatp1a1), which is responsible for the uptake of bile salts into hepatocytes, decreased in cholestatic humans and rats. The ameliorative effects of hepatocyte growth factor (HGF) in cholestasis was, at least in part, due to its reversal of the down-regulation of the rOatp1a1 protein level by suppressing the ubiquitination of the transporter [53] . Xia et al. showed that the expression of liver-specific apical sodium-dependent bile acid transporter (ASBT) is regulated by the ubiquitin proteasome pathway [54] . Interleukin-1β induced a down-regulation of rAsbt, which was accompanied by an increase in rAsbt polyubiquitin conjugates and a reduced rAsbt half-life. Interestingly, this process was enhanced through JNKregulated serine/threonine phosphorylation of rAsbt protein at both Ser-335 and Thr-339 [55] . Liu et al. revealed that the activation of the canonical Wnt/β-catenin pathway in RBE4 cells via nuclear β-catenin signaling with LiCl increased the protein expression of monocarboxylic acid transporter rMct1, which resulted from a reduced rMct1 trafficking from the plasma membrane via the endosomal/lysosomal pathway and was facilitated by a decreased rMct1 ubiquitination [56] . Warsi et al. demonstrated that transport activity of rabbit peptide transporters Pept1 and Pept2 was decreased in Xenopus laevis oocytes injected with cRNA encoding the E3 ubiquitin ligase Nedd4-2, whereas the overexpression of USP18 (ubiquitin-like specific protease 18), an enzyme cleaving ubiquitin from target proteins, stimulated the transport activity of rbPept1 and rbPept2 [57] .
Disulfide bonds
Disulfide bonds or disulfide bridges in proteins are usually formed between the thiol groups of cysteine residues by the process of oxidative folding, and can be reversibly reduced and re-oxidized. Disulfide bonds play a critical role in stabilizing protein oligomerization, trafficking, and activity. Keller et al. showed that the tertiary structure of the large extracellular loop of rat organic anion transporter 1 (rOct1), which was stabilized by disulfide bonds, was required for oligomerization and membrane insertion of rOct1 and had an effect on the affinity of organic cations. When the six cysteine residues in the large extracellular loop of rOct1 were replaced by serines or when the disulfide bridge(s) in the loop were reduced by dithiothreitol, a redox reagent, oligomerization was abolished [58] . Brast et al. demonstrated that human organic anion transporter 2 (hOCT2) formed oligomers both in the HEK293 expression system and in native human kidneys. The cysteines of the large extracellular loop were important to enable correct folding, oligomeric assembly, and plasma membrane insertion of hOCT2. Mutation of the first and the last cysteines of the loop at positions 51 and 143 abolished oligomer formation [59] .
S-nitrosylation
S-nitrosylation is the covalent incorporation of a nitric oxide moiety into cysteine thiols of a protein substrate. In a human hepatoma cell line stably expressing hNTCP, a transporter responsible for the taurocholate (TC) uptake across the sinusoidal membrane of hepatocytes, Schonhoff et al. discovered that nitric oxide (NO) donors sodium nitroprusside and S-nitrosocysteine decreased the amount of hNTCP at the plasma membrane, and inhibited TC uptake, which was accompanied by the S-nitrosylation of hNTCP. Dithiothreitol, a redox reagent, reversed NOmediated inhibition of TC uptake and S-nitrosylation of hNTCP [60] . The same research group also demonstrated that replacing cysteine 96 with alanine (C96A) rendered rNtcp insensitive to NO-mediated inhibition of TC uptake. rNtcp/C96A was not S-nitrosylated by NO, suggesting that Cys96 is important in regulating rNtcp function in response to elevated levels of NO [61] . Gonzalez et al. examined the cytoprotective effect of α-Tocopherol against glycochenodeoxycholate-induced cell death in hepatocytes. α-Tocopherol and/or NO donors (DETA-NONOate or CSNO, and V-PYRRO/NO) were administered to glycochenodeoxycholic acid (GCDCA)-treated cultured human hepatocytes or to bile duct obstructed rats. They found that α-Tocopherol and NO donors increased NTCP S-nitrosylation, and reduced TC uptake in hepatocytes. α-Tocopherol and V-PYRRO/NO also reduced liver injury and rNtcp expression in obstructed rats [62] . Therefore, NO-dependent post-translational modifications of NTCP by α-Tocopherol and NO donors reduced the uptake of toxic bile acids by hepatocytes.
Conclusion and future perspectives
In this review, we attempted to summarize and updated recent advances from our laboratory as well as from others in uncovering the loops and layers of regulation of drug transporters from the SLC family by posttranslational modifications (Table 1 and Fig. 1 ), such as phosphorylation, glycosylation, ubiquitination, disulfide bonds, and Snitrosylation. Up to now, most of these posttranslational modifications have been investigated in isolation. Therefore, it is imperative that we next look at a bigger picture and address an intriguing question: whether there is a crosstalk among these posttranslational modifications. Functionally, crosstalk may occur within the same protein (cis crosstalk) or between posttranslational modifications on two different proteins (trans crosstalk). Evidence suggest that different types of posttranslational modifications may work together to accomplish a specific biological function. For example, phosphorylation has been implicated frequently in crosstalk with and precedes ubiquitination in directing protein degradation [63] . Also, ubiquitination is known to either agonize or antagonize other types of posttranslational modifications such as sumoylation [64] . In addition, the interplay between palmitoylation and phosphorylation or between palmitoylation and ubiquitination has also been observed [65] . Another interesting area that needs much attention is the potential drug-induced post-translational modifications of the drug transporters. For example, the anti-cancer drugs that target different kinases such as tyrosine kinase inhibitor Imatinib or the anticancer drugs that target ubiquitin-proteasome system such as proteasome inhibitor Bortezomib, may lead to possible alteration of posttranslational modifications of the drug transporters. Hence, posttranslational modifications represent an important set of mechanisms to regulate drug transporters, and the importance and complexity of its code remain a major challenge for our complete understanding of their roles in transporter-mediated drug disposition. Membrane transporter, U: ubiquitin, P: phosphate group, NO: nitro oxide, ER: endoplasmic reticulum, Tree-like structure: carbohydrates.
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